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Introduction
Traditional methods of measuring surface profiles utilize a technique in which a small diamond or sapphire spherical tip is dragged along the test surface over a prescribed length. To a greater or lesser extent, the small tip follows the surface contour peaks and valleys, and through appropriate calibration, the excursions of the tip are converted to a height vs. distance profile of the surface.
A schematic of an optical non-contact digital interferometric profilometer is shown in Figure 1 . This is a "WYKO TOP0 2 D system, which uses white light illumination to eliminate spurious interference fringes from stray reflections in laser-illuminated systems. The objective has built into it an interferometer with an internal reference surface --the uniqueness of a "Mirau" interferometer. Light reflected fkom the surface under test interferes with light reflected from the internal reference surface, and the resulting interference pattern is viewed through the eyepieces of the microscope. The interference pattern is also recorded by the image sensor and digitized by the computer. Deviations of the fringe pattern are related to surface height deviations.
The Mirau interferometer is mounted on a piezoelectric translator (PZT) that is moved under computer control. Computerized movement of the interferometer via the PZT introduces a known phase shift in the interferometer, and this is simultaneously recorded. The computer software converts movement of the interference fringe pattern to surface height deviations. The entire measurement cycle occurs in only a few tenths of a second. The TOPO-2D system has a profile measurement length of 0.666 mm, and the spatial sampling interval is 0.65 pm. That is, the measurement process occurs over a small rectangle in the plane of the surface that has dimensions of 0.666 mm length and 0.65 pm width. The optical resolution in the plane of the surface is 0.8 1 pm. The optical resolution of the TOPO-2D system in the plane perpendicular to the s d a c e (i.e., in the surface profile) is in the angstrom (1 O*' cm or 3 . 9 3 7~1 0~~ microinch) range.
In fact, the repeatability of the TOPO-2D system for profile height measurements is 0.01 nm (0.1 angstrom), or approximately 4x1 O4 microinch root-mean-square (rms) when the system is properly isolated from floor vibrational effects.
The WYKO TOPO-2D system is upgradable to a 3D system, but at a sacrifice in optical resolution.
Surface Roughness Descriptions
The WYKO system provides three different but somewhat related measures of surface profile roughness. These measures are referred to as arithmetic average (AA), peak-to-valley (PV), and rms. They can be understood with reference to Figure 2 , which shows a hypothetical surface profile. Over a distance L along the surface, imagine a line drawn that represents the mean position of the surface. The arithmetic average surface roughness is the height of a rectangle, of length L, that has the same area (AA x L) as the combined areas under the surface profile above and below the mean position. Mathematically, this amounts to dividing the interval L into a large number, n, of segments of equal width Ax = L/n; adding up the products of the profile heights times Ax; and dividing the sum by L. That is,
The root-mean-square measure of the surface profile is determined in a similar manner, except that it is the sum of the products of the square of the profile height above or below the mean line at each point that is summed; then the square root of the sum gives the rms surface value.
Finally, the peak-to-valley measure of surface roughness, over a given length L along the surface, is merely the difference between the highest profile point and the lowest profile point.
PV=h,, -hmin .
In the latter, the proper sign of bin must be used. For example, if -1.7 pin., then PV = 4.7 pin. is 3 pin. and bin is
Surface Contour
The foregoing discussion assumed a flat surface. The WYKO system has software routines for dealing with a non-flat surface. For example, if profile roughness data is obtained on a cylinder in a plane perpendicular to the axis of the cylindrical surface, or on a sphere in a plane passing through the spherical center, then Figure 3 gives a hypothetical plot of the data. The profile roughness data is superimposed on a circular arc representing a portion of a circle in these two cases. To remove h6curvature" fiom the data, the WYKO system software routine performs a best-fit mathematical circle to the raw data and then subtracts, point-for-point, the arc of a circle from the data to in effect "flatten out" the profile data for surface roughness analysis. The radius of curvature of the best-fit circle is displayed by the WYKO system as "RC."
Measurement of a High-Oualitv Flat Mirror Surface
The WYKO company provided a high-quality flat mirror to use as a reference with the system. Figure 4 shows a plot of the surface profile measurements on the aninor, obtained with the WYKO system. For this plot, the field of view is 298 pm in diameter, as can be seen on the horizontal scale (that is, L = 298 pm [0.0117 inch] in the earlier discussion related to Figure 2 ). For the particular display in Figure 4 , the vertical scale on the surface profile is in nanometers. (Note that 1 nm = 10 angstroms = 0.03937 pinch.) From the data in the upper left of Figure 4 , the high-quality flat mirror has a profile roughness characterized by AA = 0.206 nm (2.06 A) and rms = 0.268 nm (2.68 A). The AA value is referred to as "RA" in the display of Figure 4 . In the upper right corner of Figure 4 , the peak-to-valley is given as PV = 1.65 nm (1 6.5 A), and this can be verified by observing the algebraic difference between the height of the maximum peak and the depth of the minimum valley in the profile display. The WYKO TOPO-2D system was used to obtain surface profiles of the step-height standard. Two measurements were made, and copies of the actual traces are shown in Figures 5  and 6 . Taking into account the vertical scale, the measured height of the step from Figure 5 is 162.97A It3.4 A. From Figure 6 , the measured step height is 162.9 A k4.7 A. Both measurements are in excellent agreement with the NIST-calibrated step height. 
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Characterization of Polished Nickel Surfaces
Surface roughness measurements were made on each of three nickel spheres, each polished to a different level of surface quality. Each sphere was measured at ten different arbitrary locations on the surface. A representative profile obtained at an arbitrary location on the best-polished sphere is given in Figure 7 . The data in Figure 7 are corrected for curvature, as discussed earlier.
Note that the profile distance is 0.01 18 inch, the same as on the reference mirror. The vertical scale for the nickel sphere is in microinches, and Figure 7 shows that the surface profile is characterized by AA = 0.067 pin (17.0 A), rms = 0.088 pin (22.3 A), and PV = 0.478 pin.
(121 A). Table 1 gives the average values of the ten measurements made on each of the three nickel spheres. Some variation exists from location to location on each sphere and, to assess this, the standard deviation was calculated for the measurements on each nickel sphere. These are given in Table 2 , along with the percentage of the mean or average value. Note that the AA and rms roughness values vary by approximately 12 to 15 percent over the surface, at the 1 CJ level. The percent variation in PV is a little greater, ranging from 8.5 to 24.6 percent among the three spheres.
Even though there is some variation fiom region to region on each of the three nickel spheres, each of the three surfaces is distinctly different from the others at the f 2 0 level. This is represented graphically in Figure 8 , which gives a plot of AA SCJ and rms k20 as obtained fiom the data of Tables 1 and 2 . 
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Characterization of Polished Gold Surfaces
The W M ( 0 system was used to assess surface roughness on each of three gold spherical swfaces, each polished to a different level of smoothness. As in the case of the nickel surfaces, measurements were made at ten arbitrary locations on each surface. Some variation over a given surface exists, and this can be seen from the e a limits for each surface in the graphical presentation of the data in Figure 9 . It is interesting that the next-to-last polishing step with 3-0s diamond slurry did not improve the surface relative to the previous step with 6-0s diamond slurry. Overall, the gold surface at the final polishing is not quite as smooth as the nickel at final polish. This may be because the gold is much softer than nickel and relatively more prone to residual micro-scratches. 
